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Abstract 
 
Metal-air batteries are promising alternatives to the state-of-the-art Li-ion batteries owing to their high 
theoretical energy density. This thesis reports for the first time, a rechargeable aqueous Na-air battery, 
in which a Na-ion conducting ceramic separator (Na3Zr2Si2PO12) and carbon paper coated with carbon 
black (Vulcan) or Pt/C nanoparticles were used as a solid electrolyte and air-electrode, respectively. 
The Na-air cells with the air-electrode consisting of Vulcan- or Pt/C-coated carbon papers exhibited 
excellent rechargeability with small charge-discharge voltage gaps (voltage efficiency of 84.8 % and 
97.6 %, respectively) over 18 cycles (total 180 h), compared to the cell with only the carbon paper 
electrode (79.0 %). These results are expected to pave the way for more cost-effective Na-air batteries 
with high energy density. 
Keywords: Aqueous Na-air battery, Ceramic separator, Electrocatalysts, Voltage efficiency 
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I. Introduction 
 
The dramatic increase in energy demand has highlighted the need for energy storage systems that 
can store large amounts of energy. Until now, fossil fuels, such as coal and petroleum, have been used. 
However, these energy sources are limited and not environmentally friendly due to carbon dioxide 
emissions. Several attempts have been made to develop other energy supply methods. In the 1970s, 
the primary Li ion battery appeared for the first time and was commercialized [1]. Some candidates 
for both electrode materials that can show repeatable cycle performance instead of Li metal were 
reported [2, 3]. Li metal as an anode naturally produces dendrites at the top surface [4], which has the 
shortest distance from the cathode electrode. This dendrite growth can create an explosion hazard [5]. 
Li-based transition metals, such as LiCoO2 and Li2MnO3, have a high energy density and good cycle 
life [6], and graphite has become the most popular anode material for secondary Li ion batteries 
because of its portability and potential in next-generation energy storage systems [7]. Over the last 30 
years, the optimized lithium ion battery has been used and its representative disadvantage, low energy 
density of approximately 100–200 Wh kg-1, has been studied [8] to improve the performance. In 
addition, lithium transition metal oxides are the best materials for electrode thus far; however, the 
high cost and environmental issues have limited their continuous commercial use as energy storage 
devices. 
This desire to find new cathode candidates has led to two major types of Li batteries. The first is the 
metal-air battery system. For the metal anode, several metals have been used, such as Li-air, Zn air, 
Al-air, and Na-air batteries [9]. Different metals have different reaction mechanisms and advantages 
according to their characteristics. One of the popular metal-air batteries is the Li-air battery. The 
disadvantage of the Li ion battery is that the cathode electrode requires constant replacement due to 
the reaction of Li with air or water, particularly oxygen. Where the oxygen comes from is the main 
criterion distinguishing the type of Li air battery, non-aqueous and aqueous.[10] Both types of Li air 
systems have been studied extensively, and there are some definite characteristics for each type.  
In the non-aqueous type metal-air battery an air diffusion layer is exposed to air, which means that 
it can be also exposed to insoluble byproducts. The cycling ability of the metal air battery depends 
critically on the condition and stability of the air diffusion layer. The non-aqueous Li air battery is 
based on the electrochemical reaction, 2Li+2e- +O2↔Li2O2, with a thermodynamic potential of Eo = 
2.96 V according to the Nernst equation [11]. The Li2O2 produced is a typical insoluble material that 
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disturbs smooth ion migration through the air diffusion layer. In addition, the non-aqueous based Na-
air batteries require a pure oxygen tank to supply oxygen, which increases the cost of the setup, and it 
is highly inconvenient to use a pure oxygen tank. To overcome this critical problem, the aqueous type 
Li air battery was developed. 
The aqueous Li air battery uses an alkaline solution as the cathode electrolyte, of which the most 
popular is a NaOH solution. This system also has a non-aqueous electrolyte, but it exists at the anode 
side for the Li metal and it is separated from aqueous electrolyte by a membrane pellet, which can 
allow only Li ions to pass through [12]. These two types of metal air batteries should be classified 
according to the place where the oxygen originated from for the reaction. The aqueous Li air battery 
takes oxygen molecules dissolved in the solution, whereas the non-aqueous Li-air battery gains the 
same from the open air [13]. Different reaction products are also formed; the non-aqueous Li air 
battery produces Li2O2 as a product and the aqueous Li-air battery produces LiOH. LiOH dissolves 
easily in water, which can improve the cycle performance with great reversibility. This difference also 
appears when the lithium metal is substituted with sodium metal in sodium air batteries. Sodium is 
abundant and easily accessible [14]. These differences make sodium attractive as one of the 
candidates of next generation energy sources. In addition, it has a similar electrochemical equivalent 
and standard potential, which can replace the need for lithium. In this point of view, the sodium air 
battery has the potential to fulfill large-scale energy requirements. Two types of structures, non-
aqueous and aqueous types, are also applied to Na air batteries and the solubility of two different 
products are similar. However, in the non-aqueous sodium air battery, sodium superoxide is 
thermodynamically more stable than Na2O2 and during several cycles; it works as a reversible 
discharge product [15]. 
A comparison of the aqueous Na- air battery with the aqueous Li-air battery shows that NaOH has 
higher solubility in water than lithium hydroxide. Therefore, the aqueous Na-air battery is also one of 
the next generation batteries. [16] The aqueous sodium air battery provides almost ten times higher 
energy density than sodium ion batteries, which is identical to the comparison between lithium ion 
batteries and lithium air batteries. The overwhelming increase in energy density leads to the 
possibility of large-scale energy storage systems (ESS). Recently, Hayashi et al. developed novel 
aqueous Na-air batteries using two different electrolytes in the same system, i.e., aqueous electrolyte 
on the cathode side (catholyte) and aprotic electrolyte on the anode side (anolyte); the aqueous 
electrolyte can dissolve the undesirable products easily in the cathode part. In a very recent study, 
Liang et al. reported the performance of the aqueous Na-air battery using Mn3O4/carbon as the 
catalyst with the air electrode [17]. On the other hand, the development of aqueous Na-air battery is 
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only in the early stages because it was reported only as a dischargeable primary battery system [17]. 
In addition, there is no report of a rechargeable aqueous Na-air battery. Therefore, new research into 
rechargeable aqueous Na-air battery is needed.  
Based on the aforementioned background, this thesis introduces a rechargeable aqueous Na-
air battery with NASICON as the ceramic separator (or electrolyte) and carbon paper as the air 
electrode containing 50 % Pt/C as a catalyst. The rechargeability and performance development by 
reaction promotion using catalysts is the main focus of this work. A high performance aqueous Na-air 
battery with good cycle property and a low over potential can finally be reached [18]. In most metal 
air batteries, the metal itself becomes the anode. This means that the use of a sodium air battery is 
followed by sodium metal gathering. Because of this fixed anode, the properties of the cathode part 
play a heavier role than those in the sodium ion battery because the two electrodes affect the 
performance of the battery. 
However, for the aqueous sodium air battery, an aqueous electrolyte is necessary, which can allow 
exposure to both air and the solid state electrolyte. A previous study identified seawater as a new 
candidate for the cathode electrolyte of the aqueous sodium air battery [19]. Seawater contains 0.3 M 
sodium ions and it is inexpensive and environmentally friendly. Using this natural resource as a 
substitute for other sodium-based cathode electrolytes can reduce the cost of cell fabrication 
considerably. In addition, for the further development of large scale ESS, the merit of open seawater 
as a cathode electrolyte could take some burden of the solubility limitation of NaOH in restricted 
amounts of solution. Through the mechanism of the Na air battery system, sodium ions are extracted 
from seawater and remain at the anode in the metal state of sodium. This lump of sodium works as an 
anode in the next step, negating the need for a real anode, even at the first time of charge. To protect 
the solid state electrolyte from the stacking of sodium metal in dendrite form, a small amount of 
sodium is first used at the anode part. The newly attached sodium metal from seawater can remain 
more stable on the surface of an already prepared sodium material. 
Using a small device and natural resources, the next generation secondary battery system can be 
fabricated. The novelty of seawater as a cathode electrolyte and the safety of the NASICON 
membrane as a solid state electrolyte can lead to environmentally friendly sodium air batteries. Some 
catalyst coatings on the air diffusion layer would assist in improving the performance of batteries in 
this work. Well known catalysts, Vulcan xc72R and 50 % Pt/C, were used as the reference catalysts 
for the OER (oxygen evolution reaction) and ORR (oxygen reduction reaction) of the seawater battery. 
Catalyst coating methods critically influence the condition of the electrode surface and connect 
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directly to the electrochemical test results. Various attempts and methods of chemical bonding for new 
catalyst synthesis have been reported [20]. In the present study, only physical adsorption of 
conventional catalysts was applied. A decrease in the over-potential voltage and an increase in 
efficiency are placed in common without classification of the coating method with the physical 
adsorption of catalyst particles on the surface of the cathode electrode, such as carbon paper and 
carbon felt used in this study. 
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II. Rechargeable aqueous sodium air battery 
 
2.1 Introduction 
The demand for energy has increased due to the depletion of fossil fuels (coal, petroleum, oil and 
natural gas) and their global environmental impacts, such as of CO2 emissions. Therefore, the world is 
eagerly looking for the development of new energy sources and new technologies related to energy 
conversion and storage [8, 21]. The exploitation of hybrid electric vehicles and portable electronic 
devices has increased in daily life, which will create an inevitable demand for electrical energy 
storage. Currently, lithium-ion batteries (LIBs) are the most widely used energy storage devices, but 
they have several disadvantages, such as a limited energy density of 100~200 Wh kg-1, high cost of 
the lithium transition metal oxide and other environmental issues [22]. Recently, metal-air batteries, 
such as Li-air, Zn-air, Al-air, and Na-air, are considered the promising candidates for next generation 
energy storage systems [23, 24]. Among them, Li-air and Na-air can offer a high energy density. 
Nevertheless, Na-air batteries have attracted considerable attention as a replacement for Li-based 
batteries because of the large availability of Na in the Earth and their unique features, such as high 
theoretical energy density, low cost, and environmental friendliness [16]. Na-air batteries are 
classified mainly into two types based on the electrolytes used in the system, such as non-aqueous and 
aqueous [16, 17, 25]. Non-aqueous Na-air batteries suffer from the formation of an inevitable product 
of Na2O2 and NaO2 at the cathode during discharge [26], which leads to low cycling property, low 
power density, and high over potential. In addition, the non-aqueous-based Na-air batteries require a 
pure oxygen tank to supply oxygen, which increases the cost of the setup and is highly inconvenient. 
 
Recently, Hayashi et al. [16] produced a novel class of aqueous Na-air batteries using two 
different electrolytes in the same system, i.e., an aqueous electrolyte on the cathode side (catholyte) 
and an aprotic electrolyte on the anode side (Anolyte), because the aqueous electrolyte can dissolve 
the undesirable products easily in the cathode part. In a recent study, Liang et al. reported the 
performance of an aqueous Na-air battery using Mn3O4/carbon as a catalyst with an air electrode. 
However, the development of an aqueous Na-air battery is in the early stages because it was reported 
only as a dischargeable primary battery system [17]. In addition, there is no report of a rechargeable 
aqueous Na-air battery, which has prompted new research into rechargeable aqueous Na-air batteries. 
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This thesis introduces a rechargeable aqueous Na-air battery with NASICON as the ceramic separator 
(or electrolyte) and carbon paper as the air electrode containing Vulcan xc72R (Fuelcell store) and 50 % 
Pt/C (Alfa-Aesar) as catalysts in these backgrounds. This report focuses mainly on the rechargeability 
and performance development by reaction promotion using catalysts. Eventually, high performance 
aqueous Na-air batteries with good cycle property and a low overpotential will be produced. 
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2.2 Experimental methods 
 
2.2.1 Cell preparation 
 
A Na-ion conducting NASICON-type separator was used as solid electrolyte in this study; the 
separator was prepared using the same method discussed in our previous study [19]. The procedure 
for coating the Vulcan xc72R (Fuelcell Store, Inc.) and 50 % Pt/C (Alfa Aesar) catalysts on the 
surface of carbon paper is as follows. First, a slurry was made by mixing the catalyst (90 wt. %; 
Vulcan xc72R or 50 % Pt/C) and poly (vinylidene) fluoride (10 wt. %; PVDF) as a binder in N-
methyl-2-pyrrolidone. The slurry was then brushed homogeneously on one side of the carbon paper 
over an area of 25 mm × 25 mm (6.25 cm2). After heating for 2 h at 110°C on a hotplate, the coated 
carbon papers were dried again at 80°C in an oven and used as the cathode (air-electrode). Na metal 
(99.9%, Sigma Aldrich) was attached to the surface of the nickel mesh and used as the anode. To 
fabricate the cell, the anode part was designed in a pouch. The anode was inserted into the pouch, and 
the separator (NACICON) was then sealed with a pouch, where one side of the separator was just 
exposed to air. Subsequently, 1 M NaCF3SO3 TEGDME (Sigma Aldrich) was injected as an organic 
electrolyte. This anode was designed in a glove box. The anode part was then soaked in a 0.1 M 
NaOH solution and the cell was assembled with the cathode, consisting of Ti mesh as the current 
collector. Each pouch cell has a uniform size, which is the same amount of electrolyte and separator 
(thickness of 0.8 mm). 
 
 
 
Fig.1 Picture of the structure inside the pouch and a digital image of pouch cell anode part 
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2.2.2 Electrochemical characterization 
 
X-ray diffraction (XRD) and impedance measurements were performed to examine the properties of 
the NASICON separator. For the impedance measurements, Pt was coated on both sides of NASICON 
by sputtering (Cressington sputter coater 108auto) to a 10 mm diameter. The impedance was then 
measured by dielectric spectroscopy (ZIVE SP2) over the frequency range, 0.1-1 MHz. Scanning 
electron microscopy (SEM) was performed to examine the condition of the catalyst coated on the 
carbon paper surface. The charge and discharge (WBCS3000L, Wonatech) properties of the cells were 
tested at 0.01- 0.1 mA cm-2 for 5 h at 25 °C. The cycling performance was recorded at 0.01 mA cm-2 
for 25 charge-discharge cycles. Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were 
tested in a three electrode system using Hg/HgO as the reference electrode, Pt wire as the counter 
electrode and glassy carbon as the working electrode, respectively.  
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2.3 Results and Discussion 
 
Fig. 2 presents the structure of aqueous Na-air cell and the charge-discharge processes. The cell is 
composed of Na metal (anode) and a NaOH (aq.) solution (catholyte) with a cathode electrode (air-
electrode) based on carbon paper. The Na metal is protected from the NaOH (aq.) electrolyte by a 
ceramic separator (NASICON) and electro-catalysts are used to increase the OER/ORR kinetics in the 
air-electrode. Upon charging, the OER (4OH– → O2 + 2H2O + 4e–) occurs at the cathode side, 
whereas Na ions are reduced to Na metal on the anode by migration through the NASICON. During 
the discharge process, Na is oxidized to Na ions, whereas oxygen diffused from the outer surface of 
the air-electrode is reduced to OH– (ORR; O2 + 2H2O + 4e–→ 4OH–), generating electrical energy via 
the outer circuit. The electrochemical reactions during charging and discharging at the anode and 
cathode sides can be described as follows: 
 
Anode: Na+ + e– ↔ Na, E° = –2.71 V                                                (1) 
Cathode: O2+ 2H2O +4e– ↔ 4OH–, E° = +0.40 V                                       (2) 
Overall: 4Na + O2+ 2H2O ↔ 4NaOH, E = 3.11 V                                       (3) 
 
Fig.2. Schematic diagram of an aqueous Na-air battery and the charge-discharge processes 
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2.3.1 Surface investigation of NASICON  
 
First, the key components for a Na-air cell, such as NASICON and air-electrode coated with electro-
catalysts (Vulcan xc73R or Pt/C nanoparticles), were prepared and the physical and morphological 
characteristics were checked. Fig. 3a shows the XRD pattern of the as-prepared ceramic separator. 
The ceramic separator had a NASICON-type structure, i.e., monoclinic symmetry (space group C2/c) 
with the composition, Na3Zr2Si2PO12 [27]. The relative density of the ceramic separator was 3.04 g 
cm-1, which corresponds to 92.97 % of the theoretical density [28]. Fig. 3b presents the Nyquist plot 
of the ceramic separator onto which a circular Pt electrode was deposited (the inset). The ionic 
conductivity was estimated to be 8.9 ×10-4 S cm-1. Fig. 3c shows a plan-view SEM image of the 
ceramic separator. The separator had a smooth surface, but void spaces were observed locally between 
the grains.  
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Fig. 3 (a) XRD pattern (b) Nyquist plot and (c) SEM image of the NASICON separator 
The inset in (b) shows a digital image of the NASICON onto which a circular Pt electrode was coated 
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2.3.2 Carbon paper analysis 
 
Fig. 4a-4c presents the morphology of the carbon paper electrodes with and without an electro-
catalyst, such as Vulcan xc72R and Pt/C. The pristine carbon paper had a networked structure 
consisting of numerous micro-thick carbon fibers with a smooth surface onto which irregular shaped 
carbon particles were attached locally (Fig. 4a). On the other hand, after coating the electro-catalyst 
particles, the surface of the carbon microfibers was covered uniformly with a mixture of Vulcan or 
Pt/C particles and PVDF binder, which can be seen clearly in the high-magnification SEM images 
(Figs. 4b, 4c and the insets).  
The lump of particles that can distinguish by the naked eye has different sizes according to the type of 
catalyst component. Metal-based catalysts generally have a higher density than the only carbon-based 
catalysts, so a smaller volume of platinum on carbon black is prepared with the same mass as Vulcan, 
and there is a definite difference in the number of particles. 
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Fig. 4 SEM images of (a) carbon paper (b) Vulcan xc72R coated carbon paper and (c) 50 % Pt/C coated carbon paper 
 
 
 
 
23 
 
2.3.3 Electrochemical performances 
 
For rechargeable Na-air batteries, the ORR and OER kinetics of the electro-catalysts are important for 
reducing the charge-discharge voltage gaps of the batteries and enhancing the round-trip efficiency. To 
study the electro-catalytic activity of carbon paper and Vulcan- and Pt/C-coated carbon papers for the 
ORR, LSV was performed at a rotation rate of 1600 rpm in an O2-saturated 0.1 M NaOH solution. Fig. 
5a presents the cathodic polarization curves for the ORR. The Pt/C-coated sample exhibited excellent 
catalytic behavior for the OR compared to the pristine carbon paper and Vulcan-coated sample; the 
ORR started at higher potentials (+0.05 V) and the reduction current was significantly higher (-0.95 
mA cm-2) at -1 V vs. the reversible hydrogen electrode (RHE). On the other hand, the carbon paper 
and Vulcan-coated sample exhibited a lower limiting current density of -0.34 mA cm-2 and -0.44 mA 
cm-2, respectively, and an onset potential of -0.23 V and -0.19 V vs. RHE. In addition, the half-wave 
potential of Pt/C was approximately -0.18 V vs. RHE, which was higher than those of pristine carbon 
paper (-0.31 V vs. RHE) and Vulcan (-0.36 V vs. RHE), indicating that Pt/C plays a significant role in 
facilitating the ORR in an alkaline electrolyte.  
Similarly, to examine the electro-catalytic activity for the OER, LSV was carried out at a rotation 
rate of 1600 rpm in an O2-saturated 0.1 M NaOH solution at a scan rate of 10 mV s-1. Fig. 5b displays 
the anodic polarization curves of the samples for the OER. The Pt/C sample had a high anodic current 
density of ~1.9 mA cm-2 at 0.9 V vs. RHE, which can help decrease the overpotential during the 
charging of batteries [29]. On the other hand, the carbon paper and Vulcan samples produced an 
anodic current density of approximately 1.2 mAcm-2 and 0.15 mAcm-2 were obtained at 0.9 V vs. 
RHE, respectively. Note that the Vulcan particles acted as an electro-catalyst for the OER. Similar to 
the ORR results, the Pt/C showed excellent catalytic activity for the ORR, which reveals the bi-
functional catalytic behavior of the Pt/C particles. Therefore, Pt/C can reduce the overpotential of the 
Na-air cells during charge and discharge.  
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Fig. 5 (a) LSV at a rotation rate of 1600 rpm in an O2-saturated 0.1 M NaOH solution and (b) first cycle of the CV curve 
at a rotation rate of 1600 rpm in an O2-saturated 0.1 M NaOH solution at a scan rate of 10 mV s-1. 
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Na-air batteries were next assembled using different air-electrodes, such as pristine carbon paper and 
Vulcan- or Pt/C-coated carbon papers, and the electrochemical performance was examined using 0.1 
M NaOH (aq.) electrolyte at a current rate of 0.025 mA cm-2 at room temperature in ambient air. 
Considering the pH of the aqueous electrolyte, the theoretical voltage of the Na-air cell was calculated 
to be ~3.17 V. Fig. 6a presents the initial charge-discharge curves of the batteries for 20 h. The cell 
with the Pt/C-coated carbon paper showed a significantly higher discharge voltage of 3.06 V, which 
was closer to the theoretical value. On the other hand, the cells with only carbon paper and Vulcan-
coated carbon paper exhibited a discharge voltage of 2.69 V and 2.78 V. During the charge-discharge 
process, all the batteries had different voltage gaps, which were attributed to the different 
overpotentials. The overpotential is a limiting factor for achieving high voltage efficiency in batteries. 
The voltage difference between the charge and discharge curves was ~0.06 V for the cell with Pt/C-
coated carbon paper, whereas the cells with carbon paper and Vulcan-coated carbon paper had a 
voltage difference of ~0.64 V and ~0.48 V, respectively. Therefore, the voltage efficiency was found 
to be ~97.6 % for the Pt/C-loaded cell but ~84.8 % and ~79.0 % for the cells with the only carbon 
paper air-electrode and the Vulcan-loaded electrode, respectively. The high voltage efficiency of the 
cell using the Pt/C electro-catalyst was attributed to the superior electro-catalytic activity of the Pt/C 
towards both the OER and ORR. Although the Vulcan-loaded cell showed lower voltage efficiency 
than that of the Pt/C-loaded cell, the Vulcan-loaded electrode helped reduce the voltage gap compared 
to the cell with only the carbon paper electrode. These results are in accordance with the electro-
catalytic behaviors towards the OER and ORR in Fig. 5. 
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Fig. 6 (a) Galvanic test first charge-discharge curves at 0.025 mA cm-2, (b) cycle performance of the Na-air batteries with 
different air-electrodes at 0.01 mA cm-2, and (c) charge-discharge curves of Na-air battery with Pt/C-coated carbon paper at 
different current densities at 0.01-0.1 mA cm-2.  
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Fig. 6b shows the cycling performance of the batteries at 0.01 mA cm-2 for 18 cycles. The voltage gap 
increased with increasing number of cycles for the cells with only carbon paper and Vulcan-coated 
carbon paper, even though the Vulcan-loaded cell showed smaller voltage gaps than that of the cell 
with carbon paper during cycling. On the other hand, the Pt/C-loaded air cell showed excellent 
cycling performance with significantly smaller voltage gaps of 0.06-0.08 V.  The charge voltage of 
all the cells increased gradually with increasing number of cycles, which was attributed to carbon 
corrosion. When carbon materials typically come in contact with water, they can produce CO (g) and 
hydrogen ions (H+) [30], which is a common phenomenon in metal-air batteries using carbonaceous 
air-electrodes [31]. Nevertheless, the discharge voltage of all the samples was relatively constant at 
each cycle, which indicates good stability of the NASICON separator in both the organic and alkaline 
electrolytes [32]. No phase or morphological changes was observed before and after cycling (not 
shown). The charge-discharge curves of the Na-air cell were tested further using the Pt/C electro-
catalyst at different current densities of 0.01-0.1 mA cm-2. As shown in Fig. 6c, the voltage gap 
increased with increasing current density, which was attributed mainly to the high activation energy 
for the OER and ORR during charging and discharging at high current rates, respectively.  
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2.3.4 Direction for optimization 
 
First, Na air battery was designed as a pouch type cell sink in the frame for the cathode electrolyte. 
This cell structure is sometimes unstable because each cell has a slightly different resistance compared 
to the coin type cell. The effect of the catalyst coating can sometimes be covered by the dominant 
resistance of the cell itself. This phenomenon is one of major aspects for the future development of the 
aqueous Na air battery. 
Fig. 7 (a) shows a different tendency to the order of the catalyst efficiency at the charge/discharge 
curves. This means that the catalyst does not work by reducing the interface resistance between the 
catalyst-coated electrode and the NASICON membrane but reduces the activation energy for each 
reaction during both the charge and discharge steps. Figure 7 (b) presents the BET (Brunauer-Emmett-
Teller) measurement results and three types of carbon paper, Vulcan coated, Pt/C-coated and carbon 
paper without a catalyst. The specific surface area of the Pt/C-coated carbon paper was highest 
followed by Vulcan coated carbon paper. However, the bare carbon paper had a relatively low specific 
surface area. This suggests that the good performance of the catalyst applied cell is not only from the 
original properties of the catalyst, but also from the increased specific surface area.  
The voltage difference can have three explanations. The first is the variation of the activation energy. 
Most of the performance of Na air batteries is provided by the characteristics of the material, which is 
prepared as a catalyst. The second is the surface area of the electrode. If the specific surface area 
increases, it should be an effective cause of a change in saturation voltage. The efficiency can be 
improved using the same catalyst by just increasing the surface area. The third explanation is the 
impedance of the cells. Without the effect of the catalyst coated on the electrode surface, each cell 
would have a very different impedance.  
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Fig. 7 (a) Nyquist plots of the 3 cells with three different carbon papers (b) BET data of the 3 kinds of cathode electrode, 
carbon paper, Vulcan-coated carbon paper and Pt/C-coated carbon paper  
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In addition, the stability of the Na air battery system is one of the main concerns. The core component 
of a Na air battery is NASICON. Therefore, the stability of NASICON influences the entire cell 
stability. Accordingly, the stability after testing was examined by XRD and SEM. 
Fig.8 (a) shows XRD patterns of the pristine NASICON and NASICON after 18 charge and discharge 
cycles. The difference between them is just the increased intensity of the peaks. No single shift or 
disappearance of peaks was observed. This revealed the intact state of NASICON even after several 
charge and discharge cycles.  
Fig.8 (b) and (c) show SEM images of the surface of pristine NASICON and NASICON after 18 
cycles. Before testing, some cracks and grain boundaries were observed on the NASICON surface. 
The image after testing was not very different from the pristine one but it still had cracks and denser 
grain boundaries. In this study, a 0.02 mA current and 5 h. test step were used. These conditions are a 
relatively lower current and shorter time than other cycle tests. A higher current and longer time for 
the electrochemical test could damage the surface and structure of the solid state electrolyte. 
To optimize the cell system fabrication, the properties of NASICON should be improved; the current 
and time differences, thermal stability, and water stability are also significant. In this study, the 
NASICON membrane was exposed to the aqueous catholyte for a long time. The improved stabilities 
will have a direct effect on the overall performance of the newly fabricated system. 
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Fig. 8 (a) XRD patterns of NASICON before the cell test and after 20 charge and discharge cycles (b) SEM image of surface 
of NASICON before the test and (c) after 20 cycles  
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III. Seawater battery with NASICON and heated carbon felt as the 
cathode 
 
3.1 Introduction 
The most popular battery is based on the lithium ion battery. However, a higher energy density will be 
needed for next generation secondary batteries. The lithium air battery has 10 times the energy density 
of the lithium ion battery so it has attracted considerable attention [33]. However, the limited supply 
and increasing demand for lithium will result in a critical increase in cost. On the other hand, sodium 
is abundant and easily accessible [16]. These differences make sodium an attractive candidate for the 
next generation energy sources. In addition, it has similar electrochemical equivalent and standard 
potential, which can replace the need for lithium. In this point of view, the sodium air battery has the 
potential to fulfill large-scale energy needs. In most metal air batteries, the metal itself is the anode 
[33]. This means that the use of a sodium air battery involves sodium metal gathering. Because of this 
fixed anode, the properties of the cathode part have a heavier load than the sodium ion battery because 
the two electrodes carry the performance of the battery. 
The sodium air battery can be classified into two types according to the property of the electrolyte, the 
non-aqueous sodium air battery and aqueous sodium air battery [34]. The non-aqueous sodium air 
battery just requires an organic electrolyte that is placed between the anode and the air diffusion layer. 
However, for the aqueous sodium air battery, an aqueous electrolyte is necessary, which can result in 
exposure to both air and the solid state electrolyte. As a new candidate for the cathode electrolyte of 
an aqueous sodium air battery, seawater was identified in a previous study [19]. Fig. 9 presents the 
layout of the seawater-sodium-chloride fuel cell introduced online last year. Seawater contains 0.3 M 
sodium ions and it is inexpensive and environmentally friendly. Using this natural resource as a 
substitute for other sodium based cathode electrolytes will result in a significant reduction of the cost 
of cell fabrication. According to the mechanism of the Na air battery system, sodium ions are 
extracted from seawater and remain as sodium metal at the anode. This lump of sodium works as an 
anode at the next step, so logically, there is no need for a real anode even at the first time of charge. To 
protect the solid state electrolyte from the stacking of sodium metal in dendrite form, a small amount 
of sodium is first used at the anode part. The newly attached sodium metal from seawater can remain 
more stable on the surface of the already prepared sodium material. 
The next generation secondary battery system can be fabricated using a small device and natural 
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resources. The novelty of seawater as a cathode electrolyte and the safety of the NASICON membrane 
as a solid state electrolyte can lead to environmentally friendly sodium air batteries. Some catalyst 
coatings on the air diffusion layer would help improve the performance of batteries. Well-known 
catalysts, Vulcan xc72R and 50 % Pt/C, were used as the reference catalysts for the OER and the ORR 
of the seawater battery. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 lay out of the seawater – sodium – chloride fuel cell 
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3.2 Experimental methods 
3.2.1 Electrode preparation 
A cathode electrode was prepared by heating carbon felt to 500 °C for 2 hours; during this process, the 
temperature was increased and decreased by 2 °C/min. Through this heat treatment, the carbon felt 
became completely hydrophilic and exhibited enhanced electrochemical reversibility [35]. Fig. 10(a-d) 
present the critical changes after heat treatment from the contact angle measurements of a water 
droplet and the change in XRD pattern. The size of the felt was 20 mm × 20 mm to completely cover 
the exposed part of the NASICON ceramic membrane. A catalyst coating, Vulcan xc72R (Fuelcell 
Store, Inc.) or 50 % Pt/C (Alfa Aesar), was used on the surface and inside of the heated carbon felt, 
which was heated for 2 hours at 500°C. First, the slurry was prepared by mixing 90 wt. % catalyst 
with 10 wt. % binder. Poly (vinylidene) fluoride (PvdF) was used as the binder in N-methyl-2-
pyrrolidone as the solvent. The slurry was mixed in a mixer (Thinky AR-100) for 20 minutes. Each 
catalyst had a different density, which means that the slurry should be prepared with a similar 
viscosity. As a reference, 45 mg of Vulcan was mixed with 5 mg of poly (vinylidene) fluoride (PvdF) 
and 10 ml of N-methyl-2-pyrrolidone. After this process, the carbon felt was dried for 5 hr. at 80°C in 
an oven and used as the air electrode. 
  
 
 
 
 
  
 
 
 
Fig. 10 Horizontal view of the carbon felt surface (a) before heat treatment and (b) after. Contact angle measurements after 
dropping water on (c) carbon felt and (d) heated carbon felt and XRD pattern of each electrode. 
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3.2.2 Catalyst coating methods 
 
Three different coating methods were attempted to produce a better coated cathode electrode, heated 
carbon felt. The first was the ‘dipping method’, which involves dipping a heated carbon felt electrode 
into the slurry for several minutes. A slurry of the catalyst and binder mixed with N-methyl-2-
pyrrolidone as the solvent was prepared by mortar grinding, which was a difficult process to perform 
manually with reproducibility. A variation of the conditions could cause a different slurry state 
according to the preparer so it is not a suitable method for repetitive experiments. In addition, if the 
electrode is just placed into the stopped solution, the catalyst particles and binder, which are dispersed 
in the solution molecules, could easily settle at the bottom part of the cathode electrode. This settling 
of the suspension is followed by the formation of lumps of catalyst particles that decrease the total 
surface area of the air electrode.  
The next method that complements this disadvantage of the dispersion of the catalyst particles is via a 
‘sonication coating method’. The early stages of producing a slurry is similar to the dipping method 
but after rough grinding of slurry in a mortar, one piece of carbon felt and the slurry were placed 
inside a small vial together and sonicated for 30 min. Although the coating time was increased from 
10 to 30 min, removing the sinking problem from the dipping method resulted in a better catalyst-
coated surface of carbon felt. Fig. 11 outlines the major steps of the ‘sonication coating method’. 
Heated carbon felts were placed inside small vials, soaked with slurry and sonicated for 30 min. For 
the final step, they were placed on aluminum foil and dried for 5 h. 
 
 
 
 
 
 
 
Fig.11 Digital images of the sonication method  
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The last method selected was using mixer equipment to blend the catalyst, binder and solvent mixture 
to make a slurry. The principle of the mixing machine is the centrifugal force of horizontal rotation at 
2000 rpm. Rotating the sample vial with the same weight produces a uniform mixture. This method 
produced the best consistency among the three methods. This is because it is achieved mechanically 
and it rotates coherently at high revolutions per minute. 
The slurry was mixed in the mixer (Thinky AR-100) for 20 minutes at 2000 rpm with the carbon felt 
electrode with an area of 20 mm × 20 mm (4 cm2) placed inside the slurry for 10 min. Each catalyst 
had a different density, which means that the slurry requires an adequate amount of solvent for similar 
viscosity. As a reference, 0.18 g of Vulcan was mixed with 0.02 g of poly (vinylidene) fluoride (PvdF) 
and 10 ml of N-methyl-2-pyrrolidone. Subsequently, the carbon felt was dried for 5 h in an 80 °C 
oven and used as the air electrode. 
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Fig. 12 SEM Images of the Vulcan coated heated carbon felt at 2k and 0.4k prepared using (a),(b) dipping method (c),(d) 
sonication method and (e),(f) Thinky mixer method at 25 °C 
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Fig. 12 (a) ~ (f) presents the coated fibers of the heated carbon felt by each method of catalyst coating. 
Fig.12 (a) and (b) show the surface of the Vulcan xc72R coated carbon felt produced using the 
dipping method for 5 minutes each side, and Fig.12 (c) and (d) show the Vulcan xc72R coated carbon 
felt prepared by sonication for 30 minutes after grinding the slurry inside mortar in a similar manner 
to that used in the dipping method. (e) and (f) are also Vulcan xc72R-coated carbon felt, which was 
produced in the mixer (Thinky, AR-100) The first 10 minutes were used to preparing the slurry and 
the next 10 minutes were used to mix the slurry and carbon felt together. The condition of the coated 
fibers was found to be influenced by the coating method. The third images show the best result among 
these methods. Therefore, the mixer was chosen to produce the slurry and soak the electrode in the 
slurry. Particles of the catalyst and binder can be dispersed well by the faster rpm, which was 
sustained for 10 minutes. This difference in dispersion was expected to result in an improved 
electrochemical charge-discharge test result.  
Fig. 13 presents the charge voltage and voltage gap from different coating methods for heated carbon 
felt as the cathode. The more catalyst particles are dispersed during the coating procedure before 
drying, the better the cell efficiency with same type and amount of catalyst.  
 
Fig. 13 Comparison of the charge and discharge curves of three different Vulcan coated cells by different coating methods at 
0.01 mA/cm2 for 5h at 25 °C. 
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3.2.3 Cell preparation 
 
Fig.14 shows a large schematic diagram of the anode and solid state electrolyte combination inside the 
seawater cathode electrolyte. During the charge process, there are two types of reactions, CER and 
OER. The CER is the chorine evolution reaction, in which chloride ions become chlorine gas, and the 
OER is the oxygen evolution reaction, in which chloride ion reacts with water to produce oxygen gas 
and hydrochloric acid. On the other hand, only the ORR occurs during the discharge process. 
Hydroxide ions are formed by a reaction between the water molecule and oxygen gas inside the 
seawater. NASICON (Na3Zr2Si2PO12) was used as the solid state electrolyte in this study. This 
electrolyte has a monoclinic structure with an ionic conductivity of 3×10-4 S cm-1 at room temperature. 
Cell fabrication was performed as follows. First, the anode is designed in a pouch that contains sealed 
NASICON at the center. For the anode, Na metal (99.9 %, Sigma Aldrich) is attached to the surface of 
the nickel mesh as a current collector. The anode is placed at the opposite side of NASICON so it can 
contact each other inside the pouch. Between them, the polymer separator should be inserted to 
prevent direct contact between the Na metal and NASICON membrane. A 1 M NaCF3SO3 TEGDME 
(Sigma Aldrich, Alfa-Aesar) solution was then injected as the organic electrolyte. All these procedures 
were performed in the glove box due to the reactivity of Na metal and the sodium-based organic 
electrolyte to moisture and oxygen. After the complete anode was fabricated, it was soaked in 
seawater (Sigma Aldrich) and assembled with the cathode with a Ti mesh as the current collector. 
Each cell should have a uniform size, same amount of electrolyte, Na metal, and thickness of the 
NASICON separator (0.8 mm).  
Pouch cells are quite sensitive to differences in many factors during fabrication. One of the important 
factors is the completeness of sealing for the edges of pouch. The coin cell type already has a 
complete body, which is made from metal. On the other hand, the pouch has relatively weaker sealed 
parts. 
The next factor is the amount of organic electrolyte. An over filled electrolyte causes swelling of the 
pouch, which reduces the degree of contact between the Na metal and the NASICON ceramic 
membrane. This would render the electrochemical test unstable. Standardizing cell fabrication with 
proper sealing and the appropriate amount of electrolyte is the most important preparation before 
examining other variables. 
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Fig.14 Schematic illustration of the seawater battery with the catalyst coated heated carbon felt as the cathode electrode 
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3.2.4 Electrochemical characterization 
 
XRD (D/Max, Rigaku apparatus), impedance measurement and SEM (Verios 460, FEI company) 
were performed to examine the properties of the NASICON separator. For the impedance 
measurements, platinum was coated on both sides of NASICON by sputtering (Cressington sputter 
coater 108auto) with a 10mm diameter at the center. The impedance was then measured by dielectric 
spectroscopy (ZIVE SP2) over the frequency range, 0.1-1.0 MHz. SEM was performed to confirm the 
catalysts coated on the surface of the heated carbon felt.  
The charge and discharge test of the cells were performed at 0.01-0.1 mA cm-2 for 5 hr. each step 
using a cycler (WBCS3000L, Wonatech) at 25 °C. The cycling performance was recorded at 0.01 mA 
cm-2 as repeated charge and discharge of 25 cycles. The power density was calculated according to the 
rate capability test at a current density range, 0-60 mA g-1. Linear sweep voltammetry (LSV) was 
tested in the three electrode system (Potentiostat : BioLogic VMP 3 (BioLogic Science Instruments, 
USA) and a rotating ring disk electrode apparatus (RRDE-3A, ALS Co., Ltd) using Hg/HgO as the 
reference electrode, Pt wire as the counter electrode and glassy carbon as the working electrode. 
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3.3 Results and Discussion 
 
3.3.1 Surface investigation of the cathode electrode (SEM Image and EDX measurement) 
 
The Na ion conducting ceramic membrane, NASICON, was used as the solid state electrolyte in the 
seawater battery system and pellet of NASICON was made from the synthesized powder at the 
temperature and heating time reported previously. After the ceramic separator was prepared, XRD was 
performed to compare the sample with the reference NASICON. Fig. 15(a) shows two patterns of 
each ceramic separator and the NASICON reference. 
The ceramic separator had a NASICON-type structure, i.e., monoclinic symmetry (space group C2/c) 
with a composition of Na3Zr2Si2PO12. The relative density of the ceramic separator was 3.04 g cm-1, 
which corresponds to 92.97 % of the theoretical density. Fig. 15(b) presents the Nyquist plot of the 
ceramic separator onto which a circular Pt electrode was deposited. The ionic conductivity was 
estimated to be 3.6ⅹ10-4 S cm-1. Fig.15(c) shows a SEM image of the ceramic separator. Overall, the 
surface was smooth but few void spaces were observed locally between the grains.  
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Fig.15 (a) XRD patterns of the pristine NASICON ceramic separator used in the seawater battery and reference NASICON 
(b) Nyquist plot of the ceramic separator, in which a circular Pt electrode was deposited (c) SEM image of NASICON 
surface 
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3.3.2 Carbon felt analysis  
 
Fig. 16 shows the coated fibers of the carbon felt, which was produced by the mixer machine at 
2000 rpm for 10 minutes in two steps; mixing the slurry and soaking carbon felt as the electrode in the 
slurry. Fig.16 (a ~ f) show the morphology of the heated carbon felt electrodes with and without the 
catalysts, such as Vulcan xc72R and Pt/C. The pristine carbon felt exhibited a networked structure 
consisting of numerous microfibers with a very smooth surface without any attached particles (Fig. 
16a). On the other hand, after coating the catalyst particles, the surface of the carbon microfibers were 
covered uniformly with a mixture of Vulcan xc72R or Pt/C particles and PVDF binder (Fig. 16b and 
Fig.16c), which can be clearly seen in the high-magnification SEM images (Figs. 16d, 16e and 16f).  
These images of the surface reveal how the catalyst particles are placed on the surface of each carbon 
nanofiber; they are not just located at the empty spaces between the carbon fibers. A thin coating of 
the catalyst on each carbon fiber results in a higher surface area than just a lump of catalyst, which 
improves the efficiency. 
The Pt/C catalyst coated the fibers relatively better because it was already dispersed in the powder 
state; however, Vulcan xc72R tended to clump together resulting in a decrease in surface area. 
Preparing a dilute slurry might support better adhesion of the thin film catalyst on the fibers.  
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Fig 16. SEM images of the (a) HCF (b) Vulcan-coated HCF (c) Pt/C-coated HCF at 0.5 k and (d) HCF (e) Vulcan-coated 
HCF (f) Pt/C-coated HCF at 2 k at 2 5°C 
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3.3.3 Electrochemical performance 
 
Fig. 17a presents the charge-discharge curves of the batteries at 0.02 mA cm-2 over 5 h. During the 
charging process, each battery has a different over-potential voltage. The over-potential voltage is a 
limiting factor for the battery voltage efficiency. A voltage efficiency of approximately 94.49 % was 
obtained for the Pt/C catalyst because it showed the lowest charging voltage and a higher discharging 
voltage, while voltage efficiencies of 75.0 % and 84.78 % were obtained for the carbon paper and 
Vulcan XC72R, respectively. In addition, a low voltage difference between the charge and discharge 
curves was obtained for the cells fabricated with the Pt/C catalyst at 0.19 V, whereas it was 0.94 V and 
0.53 V for the carbon paper and Vulcan xc72R catalyst, respectively. The Pt/C catalyst produced the 
highest discharge voltage (3.26 V); the cells with the only carbon paper and Vulcan xc72R catalysts 
exhibited a discharge voltage of 2.82 V and 2.95 V, respectively. In addition, the operating cell voltage 
of all batteries was stable, which indicates the good stability of the NASICON separator in both 
organic and seawater electrolytes.  
The cycle performance of the battery with the Pt/C catalyst was tested at 0.01 mA cm-2 for 25 cycles 
because the cycle life is one of the most important factors for the practical applications of 
rechargeable batteries. Fig. 17b shows that the charge voltage increases slightly with increasing 
number of cycles. This can be due to the corrosion of carbon while charging the cell, which is a 
common phenomenon in metal-air batteries using carbonaceous air-electrodes. Despite this, the 
discharge voltage of each cell was relatively constant over repeated cycles, which highlights the 
excellent stability of the NASICON separator.  
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Fig.17 (a) Galvanostatic first charge-discharge curves and (b) cycle performance of the Na-air batteries with different air-
electrodes at 0.01 mA cm-2  
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For a rechargeable seawater battery, the ORR and OER kinetics of the electro-catalysts are important 
for reducing the loss of voltage gap efficiency during the charge and discharge steps. Vulcan xc72R 
and platinum on carbon black are both catalysts for ORR, but they also affect the OER over-potential.  
 
The batteries were designed using three different air electrodes, i.e., heated carbon felt, 
Vulcan xc72R-coated carbon felt and Pt/C-coated carbon felt. The designed batteries were examined 
at a charge-discharge current density of 0.01 mA cm-2 for 5 h. The reactions occurring during 
discharge at the anode and cathode can be described as follows: 
 
Cathode: O2+ 2H2O +4e-  4OH- E° = +0.40 V (1) 
Anode: Na+ + e- →Na           E° = -2.71 V (2) 
The overall cell reaction: 4Na + O2+ 2H2O →4NaOH E° = 3.11 V (3) 
 
 
  
Based on the above reactions, the standard cell voltage of the discharge process was 3.110 V. 
However, considering the pH of the seawater electrolyte, the theoretical voltage of the seawater cell 
was calculated to be 3.468 V. The standard potential of the reaction at the cathode shows an 
approximately 0.4 V difference due to the pH of the reaction environment. Therefore, according the 
difference of approximately 0.40V at pH 14, the standard potential at pH 8 would be 0.758Vaccording 
to the Nernst equation. 
 
 
E = E° – 0.059[pH]                                (applied Nernst equation)  
 
 Fig. 14 shows a schematic diagram of seawater batteries and their charge-discharge 
processes. During the charge process, there are two types of reactions, the CER and OER. Both 
reactions involve the migration of sodium ions from the catholyte diffuse to the anolyte through the 
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NASICON separator. The CER and OER reactions occur at the cathode and sodium ions deposit as 
neutral sodium on the sodium metal. In the discharge process, sodium is oxidized to sodium ions, 
which diffuse from the anolyte to the catholyte through the NASICON separator, while the oxygen 
reduction reaction (ORR) occurs at the cathode. The following shows the full reactions of the 
seawater battery during the charge process; the potential is affected by the pH. 
 
 
CER: 4NaCl- (aq) →(Na(s) + 2Cl2(g) E =  4.07V 
OER: 4NaCl-(aq) + 2H2O(l) →Na(s) + O2(g) + 4HCl(aq)  E =  3.94 V 
 
 
The rechargeable seawater battery was evaluated in different electrochemical tests. Fig. 18 shows the 
difference in the voltage gaps by increased current densities. From 0.01 mA/cm2 current to 0.25 
mA/cm2, the voltages increase gradually because the overpotential originated from the high current. 
However, this aspect is natural and the important point is that the effect of the catalyst is also 
sustained at currents higher than 0.01 mA/cm2. 
With the exception of the result at 0.25 mA/cm2, the Pt/C cells would have a smaller voltage gap than 
the original heated carbon felt at 0.01 mA/cm2. At a higher current, the efficiency of original heated 
carbon felt would also be poor. Therefore, this differential voltage gap highlights the great 
performance of the catalyst-coated air electrode.  
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Fig. 18 Charge-discharge curves of the seawater battery with Pt/C-coated carbon paper at different current densities at 0.01-
0.25 mA cm-2. 
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The significant effect of the catalyst of seawater battery was also observed at a higher power density. 
Fig. 19 presents the maximum power density of the reference electrode, bare heated carbon paper, and 
the Pt/C. The Pt/C showed the best result among the three different electrodes. The coated catalyst 
particles withstand the decrease in discharge voltage at same current densities. A relatively larger 
amount of catalyst was used in this case compared to the other papers and the standard power density 
decreased because the NASICON ceramic membrane had an area of only 2 cm2. A decrease in the 
mass of the catalyst might lead higher power densities but if the quantity of catalyst is too small, the 
results may be no better than those obtained using the bare heated carbon felt without a catalyst. The 
correct balance between these two factors will result in a seawater battery with the highest power 
density. 
 
 
 
Fig. 19 Power densities of the 3 kinds of cells with different cathode electrodes at current densities ranging from 0 to 60mA 
g-1 at 25°C. 
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For rechargeable seawater batteries, the ORR and OER of the catalysts are extremely important. 
Therefore, the catalytic activities of the heated carbon felt, Pt/C, and Vulcan xc72R-coated heated 
carbon felt for the ORR were studied by LSV at a rotation rate of 1600 rpm in an O2-saturated 
seawater solution. Fig. 20 shows the cathodic polarization curves for the ORR. The Pt/C-coated 
sample exhibited excellent catalytic behavior for the ORR compared to the carbon paper and 
Vulcan xc72R. The ORR started at higher potentials (+0.05 V), and the reduction current was 
significantly higher (-3.2 mA cm-2) at -0.8 V vs. reversible hydrogen electrode (RHE). 
Furthermore, the carbon paper and Vulcan xc72R exhibited a lower current density of -1.8 
mA cm-2 and -5.5 mA cm-2, respectively, and the onset potential of -0.22 V and -0.18 V vs. 
RHE. In addition, the half-wave potential of the Pt/C was approximately 0.02 V vs. RHE, 
which was higher than those of the pristine carbon paper (-0.3 V vs. RHE) and Vulcan xc72R 
(-0.25 V vs. RHE), indicating that the Pt/C plays a significant role in facilitating the ORR in 
an alkaline electrolyte.  
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Fig. 20 LSV at a rotation rate of 400, 900, 1600 and 2500 rpm in O2-saturated seawater (Aldrich) of (a) heated carbon felt 
(b) Vulcan coated HCF (c) Pt/C coated HCF 
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3.3.4 Directions for optimization 
 
Similar to that reported for aqueous sodium air batteries, the pouch type cell has inevitable errors due 
to differences in the cell, such as the sealing parts, the position of anode contacts with NASICON and 
pressure differences. Standardization of the pouch size and amount of electrolyte cannot be achieved 
completely.  
The main solution to this problem is to fabricate the seawater battery as a coin cell system, which is 
standardized according to size, pressure and contact area of sodium metal, and NASICON surface. 
The crucial point is molding the zig that presses the single coin cell vertically and simultaneously 
prevents the SUS material of coin cell frame from coming into direct contact with the water. Only the 
exposed NASICON part and carbon felt electrode should be soaked in the seawater. Finally, a small 
coin cell containing sodium metal, organic electrolyte and NASICON exposed to one side and carbon 
felt electrode works as a sodium air battery inside a pool of seawater. If the vertical pressure inside the 
coin cell and protection from water can be maintained, the battery might work for a much longer time 
than the closed aqueous Na-air battery system. 
In contrast to the Li ion battery coin cell, this coin cell has a sealing part at the cap to attach 
NASICON at the hole to be exposed outside the cell. This sealing part can be a similar limitation to 
the sealing part of a pouch cell. The development of an automatic cell assembly process should be a 
focus of future research. 
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IV. Conclusion 
 
Aqueous sodium air battery and seawater battery systems were fabricated and developed by coating 
the cathode electrode with conventional catalysts. 
Rechargeable aqueous sodium air batteries were first operated and maintained for 18 cycles, and 
they showed only slight voltage variations. Well known catalysts, Vulcan xc72R and 50 % Pt/C coated 
carbon paper, showed better efficiency and smaller voltage gaps. Simple electrochemical tests were 
performed, which highlighted the potential of the aqueous sodium air battery as an ESS with a high 
energy density and cycle stability. 
The seawater battery was fabricated to overcome the limitations of the aqueous sodium battery, i.e., 
the solubility restriction because of the fixed amount of the cathode electrolyte. During the discharge 
step, NaOH is formed and reversibility is not one hundred percent. Therefore, the NaOH 
concentration in the solution would be saturated after a large number of cycles. The seawater battery 
system is an open system using seawater itself and if the cell is installed inside the sea, it would be 
almost impossible to saturate with NaOH. In addition, seawater is more environmentally friendly and 
cheaper than NaOH. The lower pH of seawater (pH 7) than NaOH (pH 14) results in a higher 
theoretical voltage of the ORR giving it a higher power density. This system was also developed with 
conventional catalysts coated on a heated carbon felt electrode and an increase in efficiency was 
observed. Three coating methods were used to coat the carbon fibers inside heated carbon felt and 
compared. The coating by the mixer (Thinky mixer AR-310) was found to be the best coating 
condition, which produced the highest charge and discharge voltage efficiency. 
 For the future development of sodium air batteries, newly synthesized catalysts that show excellent 
performance at low cost should be developed and the cell fabrication strategy should also be 
optimized. 
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